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INTRODUCTION 
Water has become one of major national concerns, and it is the limiting 
factor in the expansion of an irrigated agriculture. Irrigation development is 
rapidly growing all over the world. New lands are being brought under irrigation 
and older irrigation lands are being improved. In the planning and operation of 
an irrigation project, the estimation of water requirements and evapotranspiration, 
or consumptive use, requires careful consideration. A knowledge of evapotran-
spiration is playing an increaSingly important part in irrigation science. It is 
the best index of water requirements which represent the amount of water that 
should be applied by irrigation for normal growth under field condition. Research 
concerning consumptive use of water by crops grown on irrigated farms has been 
carried on by various agencies of government in many countries for over fifty 
years. There is a wide range in consumptive use values under different con-
ditions of climate, soil, cropping pattern, farm management, etc. Irrigation 
engineers need a better knowledge of consumptive use, or evapotranspiration, 
and thi~ is true in Thailand. 
Thailand had primitive irrigation in the northern part of the country 
about 600 years ago, but modern irrigation started when Thailand began to 
export rice some 50 years ago. Rice is the main crop of Thailand and is the 
staple food of Thai people, and for over half the world's population. Some 
300 million acres are planted annually with rice. In Thailand about 14.80 
million acres, or nearly three-fourths of the cultivated area, is in rice farms. 
Rice growing is concentrated in the central plain of the country, known as the 
"rice bowl" of Thailand. It is a vast alluvial plain and is one of the finest rice-
growing regions in the world. 
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Rice requires considerable heat and moisture. In the Central Plain of 
Thailand the mean annual temperature is 82 degrees F, and the mean annual 
relative humidity is about 78 percent. Although the average rainfall is about 42 
inches during the rainy season, which is the rice cultivation period, it is not 
enough for growing rice without irrigation. The irregularity and highly seasonal 
concentration of rainfall, and the variation in timing of the rain, often upset the 
schedule of rice cultivation. 
The government set up the Chao Phraya Irrigation Project in order to 
develop its agriculture, and stabilize and increase yields of rice in the Central 
Plain. The project comprises direct irrigation with a diversion dam on the Chao 
Phraya River at Chainat, about 174 miles from the Gulf, and distribution systems 
on both banks. The entire project including canals was completed in 1963 and is 
in operation in conjunction with the upstream Yanhee multiple purpose project. 
The Chao Phraya Project, which has nearly all been opened Q.p as paddy fields, 
covers an irrigable area of 2,280,000 acres, or nearly 50 per cent of the total 
irrigable area of the country. 
A knowledge of consumptive use is necessary in planning farm irri-
gation systems and for improving irrigation practices. In the planning and 
operation of a new project like the Chao Phraya Project, which is primarily 
for rice irrigation, the estimation of qonsumptive use, or evapotranspiration, 
of rice is important. The basis of such estimates must be sCientifically sound, 
and the procedures involved must be based on available data. 
In Thailand, experiments on rice irrigation are limited. In the past, 
the knowledge of the consumptive use of water by rice allover the country was 
based upon experience and a beneficial use criterion of "one liter per second 
per hectare." Actual measurement of consumptive use of any large area are 
expensive and time consuming. 
Because of the difficulty of direct measurement, a large number of 
empirical formulas and semi -empirical formulas have been proposed for 
estimating evapotranspiration for irrigated areas. Such formulas use avail-
able climatic data such as temperature, relative humidity, wind velocity, solar 
radiations, cloud cover, and day length. Several of the formulas are discussed 
in this thesis. 
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Recent studies throughout the world have shown that evapotranspiration 
and evaporation can be predicted from climatolOgical data. Some rapid method 
for estimating evapotranspiration of rice is needed for the Central Plain of 
Thailand where there were only a few actual measurements, but some clima-
tological data are available. The questions that must be answered are: How 
accurate are these formulas when applied to the climatic conditions in Thailand? 
Can they be adjusted by applying monthly coefficients so that they give the correct 
values? 
OBJECTIVES 
The objectives of this study are the following: 
1. To develop formulas for estimating pan evaporation, and evapo-
transpiration (consumptive use) of rice, based on available data from Thailand. 
2. To compute monthly evaporation and consumptive use coefficients 
for the existing formulas which may be applicable to the Central Plain of 
Thailand. 
3. To compute seasonal and monthly potential evapotranspiration o:r; 
consumptive use of water by rice, and pan evaporation, in the Central Plain of 
Thailand, based on climatological data by using various formulas with monthly 
coefficients. 
4. To compare the computed potential evapotranspiration and pan 
evaporation from these formulas with the measured evapotranspiration and 
pan evaporation in Thailand. 
5. To determine which formulas are best suited for climatic conditions 
in Thailand. 
DEFINITION OF TERMS 
Duty of water 
Duty of water is the term used for expressing the relation between the 
area of land served and the quantity of water used. This term may be subdivided 
into gross duty of water and net duty of water. 
The gross duty of water represents the relation between the quantity of 
water diverted from the source of supply and the total area of the land irrigated 
by the canal system. 
The net duty of water represents the water delivered to the land as 
determined by measurements of the water at the margin of the field. It includes, 
besides the volume of water used by the plants, the losses by evaporation, 
percolation, and waste occurring on the field. These losses can be controlled 
to a large extent by a skillful irrigator. 
The unit of measurement may be divided into two classes: First, those 
units expressing a definite volume of water and generally used to state quantities 
of water at rest. Second, those expressing a state of flow or discharge. At 
present the usage of this term is very loose. The term duty of water is not as 
widely used today as formerly. 
Transpiration ratio 
Transpiration ratio is the ratio of the weight of water absorbed and 
transpired by the plant to the weight of the dry matter, exclusive of roots 
produced. It does not include the evaporation from soil and water su.rface. 
From a number of tests, the transpiration ratio of various crops varies from 
about 250 to 1, 000 pounds of water per pound of dry matter. This term is no 
longer used as a general criterion for characterizing the water relationships 
of plants. 
Evaporation 
Evaporation is the natural process by which any form of water, liquid 
or solid, is changed into water vapor. Basic principles involved in evaporation 
are usually discussed from the viewpoint of conditions at the water surfaces. 
Evaporation is the first stage in the hydrologic cycle. According to the Dalton 
theory, evaporation takes place when the temperature at the water surface is 
higher than the dew-point temperature of the air. Evaporation losses from 
water surface may be measured by evaporation pans or other ins truments such 
as atmometers, black porous plates, and the Piche evaporimeter. 
Evapotranspiration 
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Evapotranspiration is the sum of the volumes of water used per unit 
area by the vegetative growth in transpirati.on and building of plant tissue, and 
that evaporated from adjacent soil, snow, or intercepted precipitation on a given 
area in any specified time. The term consu.mptive use is essentially synonymous 
with evapotranspiration. It is commonly expressed in units of depth per unit of 
time. 
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Potential evapotranspir atiol! 
Potential evapotranspiration is the combi.ned evaporation and transpiration 
which takes place from an area. when a crop of uniform height completely shades 
the ground and when there is sufficient available soil moisture for optimum 
growth. 
Irrigation reguirement 
Irrigation requirement is the quantity of water, exclusive of precipi-
tation, that it required for crop production. It includes surface evapora.tion, 
leaching requirement~ and other economically unavoidable wasteso It is usually 
expressed as a depth per unit of time. 
Water reguirement 
Water requirement is the quantity, regardless of its source, required 
by a crop in a given period of time for its normal growth under field condition. 
It includes surface evaporation and other economically unavoidable ',i\laste. It 
is essentially the sum of the irrigation requirement and the dependable or 
usable precipitation. 
REVIEW OF LITERATURE 
Direct methods of determining evapotranspiration 
A review of the literature shows that various methods have been used 
by soil scientists, hydrologists, and engineers to determine the amount of 
water consumed by crops and natural vegetation. Early investigators used one 
or a combination of the following methods: Soil moisture depletion studies, 
tank and lysimeter experiments, inflow-outflow method, integration method, 
field plot experiments, and studies of ground water fluctuations. Olivier (1961) 
indicated that these methods are not suitable for estimating consumptive use 
in connection with planning development of new areas unless comprehensive 
pilot schemes are first carried out. The direct methods most widely used in 
irrigation investigations are: Soil moisture depletion studies, tank and lysimeter 
experiments, and the inflow-outflow method for large areas. All of these 
methods are still in use. 
Soil moisutre depletion studies. This method is s till an important 
supplement to evapotranspiration studies. The soil moisture depletion method 
is usually suitable for areas where soil is fairly uniform and the depth to 
ground water is such that the ground water will not influence soil moisture 
within the root zone. Precipitation must be measured and considered in 
computing the evapotranspiration. 
Soil moisture in the major root zone is determined before and after 
each irrigation, usually with some measurements between irrigations. They 
are generally adequate for long-time evapotranspiraUon averages but technical 
difficulties prevent the use of soil moisture depletion methods for short-time 
evapotranspiration measurements. Recent advances in neutron moderation 
equipment provide a technique which will improve this method. 
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Tank and lysimeter experiments. The practicability of determining 
consumptive use by means of tanks or lysimeters is dependent on the accuracy 
of reproduction of natural conditions. Young (1933) and Young and Blaney (1942) 
placed tanks in surroundings of natural growth of the same species, so that 
consumptive use of water would presumably be the same as for similar growth 
outside the tank. Tanks as large as 10 feet in diameter and 10 feet deep have 
been used. However, in most consumptive use studies, the tanks are about 2 to 
3 feet in diameter and 3 to 6 feet deep. SoH tanks equipped with suitable water 
supply tanks have been used successfully in eva.potranspiration. measurements 
from water tables at various depths. Double-type soil tanks with. an annular 
space between the inner and outer shells are considered best. 
Weighing is the most precise method of determining the consumptive 
use from tanks, and this method was used as early as 1907. However, conditions 
and fa.cilities will not always permit the weighing of tan.ks. The use of lysimeters 
is seen to be increasing. Makkink and Van Hemst (1956) used elaborate weighing 
equipment together with huge tanks for studying actual evapotranspiration in the 
Netherlands. Pruitt and Angus (1960) have developed and used a very elaborate, 
20-foot-diameter? weighing lysimeter for studying evapotranspiration from rye-
grass. Van Bavel and Meyers (1962) also describe an automatic weighing 
lysimeter utilizing strain gages and an electronic system for remote recording. 
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Inflow-outflow methoq. Consumptive use of water by cottonwoods? 
willows, tules, and other riparian vegetation COmmOJli t0' small streams may 
often be most easily determined by m6asuri.ng the inflow to and the outflow from 
a selected area including precipitation and change in ground-water storage. This 
method is most often used to determine annual values of consumptive use. In 
mathematical terms this can be shown as 
i.n which 
U = (I + R) + (GS - ~) - Q 
U = consumptive use for a period selected 
I = inflow during the period 
R = effective rain.fall in the area for the period 
Q = quantity of outflow for the period 
1 
GS - GE = volumes of water in the ground storage at the beginning and end 
of the period 
In the investigations conducted in the Upper Rio Grande and other river 
valleys, Blaney (1950) used this method to determine the total consumptive use 
of water in irrigated valleys containing land areas up to 400,000 acres. 
Christiansen (1965) used the inflow-outflow method to determine the 
water requirements of waterfo·wl marshlands near Ogden1 Utah. 
He computed daily evapotranspiration from measurements of inflow, 
outflow, and change in surface storage, and corrected the monthly total for 
soil moisture changes on the non-flooded areas. His calculations were based 
on the equation 
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Et = I - 0 - A S + P + SM + GW 2 
in which 
Et = evapotranspiration 
I = inflow 
o = outflow 
~ S = positive change in storage on flooded areas 
P = precipitation 
SM = soil moisture decrease on non-flooded areas 
GW = ground water contribution 
His studies indicated. that the ground water contribution, GW, due to an 
upward hydraulic gradient from an artesian aquifer was negligible and was dis-
regarded in the computations. Soil moisture changes from the month were 
estimated from soil moisture measurements combined with computations of the 
non-flooded areas and estimates of evapotranspiration on these areas. The soil 
moisture corrections were generally small compared with the measured inflow 
and outflow. 
Estimating evaporation and evapotranspiration 
from climatological data 
Evaporation and transpiration have been studied for more than 200 years. 
\\Thile transpiration ratios are no longer used as a general criterion for charac-
terizing the water relationships of plants, the broader aspects of transpiration 
are being even more intensively investigated. According to Abbe (1905), the 
effect of sunshine and heat in stimulating transpiration was studied as early as 
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1691. The experimental work done on transpiration of various kinds of plants 
by Briggs and Shantz (1916) indicated a close correlation between transpiration 
and evaporation from a free-water surface, air temperature, solar radiation, 
and wet-bulb depression reading. 
Many scientists have developed formulas for estimating evaporation and 
evapotranspiration from climatological data. Generally speaking, these methods 
may be grouped into two main categories as follows: 
1. Theoretical methods based on the physics of the vapor transfer 
and energy balance. 
2. Empirical methods based on temperature, radiation, and other 
data. 
Theoretical methods based on the physics 
of the vapor transfer and energy balance 
According to Dalton (1798) the rate of evaporation from a water surface 
is proportional to the difference between the vapor pressure of the surface and 
the vapor pressure in the overlying air. Several formulas for estimating 
evaporation based on this general principle are those of Harbeck (1962), 
Kokoulin and Yatsentkovskii (1958), and Braslavskii and Vikulina (1954). These 
formulas were discussed by AI-Barrak (1964). 
Another approach to the problem of estimating lake evaporation i.s 
from an energy-balance principle. This principle indicates that the portion of 
the total available heat not stored in or taken from the lak.e by other means 
divided by the latent heat of vaporization is the volume of evaporation. This 
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approach is theoretically sound but quite difficult to utilize because of the problem 
in gathering the necessary data. 
The formulas and procedures more common in irrigation literature, or 
those which will be used in this study, are briefly discussed below: 
Rohwer's formula. Rohwer (1931) developed an empirical formula for 
pan evaporation based on Dalton's law from experiments at Fort Collins, Colorado, 
at 5,000 feet above sea level. Other things being equal, he found a small vari-
ation of evaporation rates with atmospheric pressure? and developed a factor 
for correcting for elevation. His correction factor for elevation is 
R = 1. 465 - o. 0186 B 3 
His general evaporation formula was written: 
in which 
Ev = (1. 465 - o. 0186 B) (0.44 + o. 118 W) (es - ed) .... 4 
Ev = evaporation in inches per day 
B = mean barometer reading, in inches of Hg at 320 F 
es = mean vapor pressure of saturated vapor at the temperature of 
the water surface, in inches of Hg. 
ed = mean vapor pressure of saturated air at the temperature of the 
dew point, i.n inches of Hg. 
W = mean wind velocity at ground level in miles per hour 
Examining the effect of size of surface on evaporation rates over a period 
of 485 days, he compared the observed values of evaporation from an artificial 
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reservoir 85 feet in diameter with the estimates based on his equation for the 
daily rate from an open watpr surface 3 feet square. He found the mean rates 
of O. 77 for observed to esHmated evaporation. Rohwer? s formula. for sea level 
can be written in metric system as follows: 
in which 
Ev = 0.40 (es - ed) (1 + O. 168 W) 5 
Ev = evaporation iH millimeters per day 
es = mean vapor pressure of saturated vapor at the temperatu.re of 
the water surface, in millimeters Hg. 
e d = mean vapor pressure of saturated air at the temperature of the 
dew point, in millimeters of Hg. 
(es - ed) = vapor pressure deficit 
W= mean wind velocity at ground level in kilometers per hour 
The ground wind velocity is an extrapolated value estimated from a number of 
reading at various heights. From the relationships of wind velocity and elevation 
of Rohwer's experiments, Penman (1948) modified Equation 5 by substituting the 
wind speed at 2 meters to give 
in which 
Ev = 0.40 (e
s 
- ed) (1 + 0.17 W2) ......... 0 •• 0 •• 6 
W 2 = mean wind velocity at 2 meters above the ground surface, in 
miles per hour 
1.5 
Penman. method. Penman's method is based on both the vapor pressure 
transfer and energy balance principles. Penman (1.948) developed a theoretical 
approach to evapora.tion and evapotranspiration from his experiments at 
Rothamsted in England. From the basic equation of energy balance: 
H=E+K+S+C 7 
in which 
H = incoming radiation less the retlected radiation a.nd the long-
wave outgoing radia.tion 
E = energy used in evaporation 
K = energy uS6d to heat the air 
S = heating of the test material 
C = heating of the surroundings of the test material 
He showed that it can be safely reduced to 
~H=E+K ........................... , .. 8 
He evaluated the ratio of K/E 
K/E = f3 
= V (T - Ta> / (e - e ) Os' s a 9 
f$ = Bowen's ratio 
0' = Psychometric constant (0.27) when T is expressed in degree F 
and e, in mm of mercury 
T s' T a == the temperatu.res of the surface and of the ai.r ~ respectively 
e == vapor pressure of th.e eva.porating surface, which is the saturated 
s 
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vapor pressure at the temperature of the evaporation surface, Tso 
e == vapor pressure in the atmosphere, which is the saturated vapor 
a 
Thus, 
pressure at the ai.r temperature~ Tao 
H=E P+t' ) 
E ::~: :H/ (I +-p ) 
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At Rothamsted, in England~ he found the correlation between Rc/Ra and n/N 
in the following equation. 
in which 
R = Ra (0.18 + 0.55 n/N) 
c 
R = the measured short-wave radiation /cm2/day 
c 
Ra == extra-terrestrial radiation in mm of water/day 
n/N = the ratio a.ctual/possible hours of sunshine 
11 
From his experiments, and taldng into consideration the formula of Rohwer 
(1931), he developed a specific equation for E , from the ideas of a "sink 
a 
strength" which is 
in which 
Ea == the value of E from Dalton.'s equation when. ea~ the saturated 
vapor pressure at the air temperature~ is substituted for es 
U 2 = the wind velocity at 2 meters above the surface in miles per day 
From the idea of a energy balance, he modified the Brunt equation as follows: 
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H = Rc (1 - r) - 6 T! (0.56 - 0.092 -red> (0.10 + 0.90 n/N) 13 
From Equation 11 substituting Re in Equation 13 
H = R (1 - r) (0. 18 + O. 55 n/N) - (] T4 (0. 56 - O. 092 - led) 
a a 
(0. 10 + O. 90 n/N) .... 0 • • • • 0 • • • • • • • • • • • •• 14 
in which 
He set 
where 
r = reflection coefficient of the surface 
6 = 2. 017 x 10-9, Bolt.zman constant, expressed in mm evaporation/o.K4 
T = the absolute temperature in degree K 
a 
ed = vapor pressure in the atmosphere, which is the saturated vapor 
I 
pressure at the dew point. 
A 15 
A = the slope of the curve when e is plotted against T. 
He combined the si.nk strength and energy balance principles and 
developed an equation for evaporation from an open water surfa.ce which he then 
related to potential evapotranspiration. His formulas for evaporation from an 
open water surface, Eo' and for potential evapotranspiration, E t , are 
16 
18 
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Where f is a factor that depends upon, a vapor pres sure factor, a 
stormatal factor, and a day length factor. Penman reported values of f for 
southern England from 0.6 for midwinter to 0.8 for midsummer, with an annual 
value of 0.75. 
The Penman method has been discussed by Al-Barrak (1964), Aziz 
(1962), and many others, including Criddle (1958) and Tanner and Pelton (1960). 
Tanner and Pelton concluded that the evapotranspiration from crops may exceed 
the evaporation from pan and lakes, particularly when there is appreciable 
advective heat transfer. 
Empirical methods based on temperature, 
radiation, and other data 
Christiansen method. Christiansen (1960) developed an equation, which 
is a form that can be used for estimating either evaporation or potential evapo-
transpiration, which he called the Utah formula. 
E=KCR 18 
where 
E = monthly evaporation or evapotranspiration 
K = dimensionless constant 
C = dimensionless coefficient, which in turn is the product of several 
subcoefficients each related to a climatic or other factor that 
affects evaporation or evapotranspiration 
R := extra-terrestrial radiatIon received at the outer surface of the 
a.tmosphere expressed as equ.ivalent depth of evaporation in the 
same units as E 
For the five northern Utah stations Christiansen also found that a 
monthly coefficient em 'was necessary to correct for the en.ergy absorbed and 
stored by the earth during the spri.ng and summer months and released during 
the fall and winter. 
For simpHcHy H was decided to relate each su.bcoefhcient to be the 
factor that it represents by a linear equ.ation of the form 
CT := A + B T ..... 0 " • 0 •• 0 • • • • • • • • • • • • • • •• 19 
The values of A and B were chosen so that the value of the coefficient would 
be unity for an arbitrary but approximate mean value of the factor. The final 
Utah formula then became 
where 
E := K R CT Cw Cs eli eM ...... 0 • • • • • • • • • • •• 20 
K = 0.470 
C T := -0.095 + 0.0161 T (T in oF') 
Cw;;:: 0.650 + O. 00583 W {W in m:iles/day) 
Cs = O. 560 + O. 00575 S (S in per C8:£lt) 
C
H 
;;:: L 106 - O. 34f! H fH in per cent) 
CM = tabulated value from O. 93 to L 12 
in which the subscripts indicate the subcoefficients for temperature, wind, 
1.9 
20 
sunshine percentage, humidity, and the month. 
The values of R were computed from data by Shaw (1942) 
Christiansen and Patil (1961) modified the subcoefficients from a study 
of evaporation data for 47 additional stations in the western states and Texas (USA). 
They added subcoefficients for elevation and latitude. 
Patil (1962) added many additional data and analyzed 3232 months of 
observations. He found that the coefficient for latitude could be omitted, and 
he expressed the subcoefficient as a quadratic form. Patil Y s formula is written 
in which 
E = monthly evaporation in inches 
K = 0.530 
CT = - 1. 2037 + O. 04628 T - O. 000204 T2 (T in of) 
Cw = O. 7859 + O. 003854 W - O. 0000047 W
2 (W in miles/day) 
Cs = 0.4585 + 0.005679 S + 0.0000136 S2 (S in. per cent) 
CH :: 1. 1414 - O. 00336 H - O. 0000045 H2 (H in per cent) 
CE :: O. 936 + O. 00351 E - O. 0000156 E2 (E in hundred of feet) 
CM = 1. 00 + O. 098 Cos (30 M - 20) (M = number of the month Jan. = 1) 
Mathison (1963) reanalyzed the same data used by Patil. He substituted 
a radiation coefficient, CR , for the product of K and R in Patil's formula., and 
he used a coefficient for temperature difference, C II T' for the humidity 
coefficient. He found the combined coefficient Cc thus, 
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c = c c eM C R Cos{L - D) 
in which 
CR = radiation coefficient 
L = latitude 
D = the sunY s declination 
eM = monthly coeffici.ent 
Mathison's formula became 
E = Cc CT Cw CAT Cs CE 22 
Both Patil and Mathison tabulated all of the subcoefficients and their logarithms 
for a full range of all values. 
Grassi formulas. Grassi (1964) using procedures similar to those of 
Christiansen (1960), Patil (1962), and Mathison (1963)? developed several 
formulas for estimating evapotranspiration. These formulas may be divided 
into three general formulas. Formula 1 expresses evapotranspiration as a 
function of theoretical radi.ation reaching the earth7s atmosphere, R, and cloud 
cover, Cle; Formula 2, as a function of the solar and sky radiation reaching the 
earth's surface; Rs; and Formula. 3, as a function of the pan evaporation, Ev. 
The plant effect on evapotranspiration was analy.zed as a fu.nction of 
the crop cover per cent, erc, and as a function of the vegetative cycle per cent, 
v c. Crop factors, F, for different species of field crops, and orchard crops 
were also included in Grassi formulas. 
The three general Grassi formulas can be written as follows: 
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Formula 1a, 
Et = K CR CClc CT CTD Cerc F ~inches/day) ........ 23 
Formula 2a, 
E t := K Rs eTc ~, F (inches / day'll . 0 • • 0 • • • • • • • • 0 • 24 ere' . I 
Formula 3a, 
Et = K Ev CT Cere F (inches/day) .............. 25 
in which 
Et:::; evapotranspiration in inches/day 
R:::; theoretical radiation in inches/day 
Rs:::; incident radiation in inches/day 
Clc :::; cloud cover factor, scale of 0 to 10 
Crc :::; crop cover in per cent 
F :::; crop factor, mean value of speci.fic crop 
T :::; mean temperature in degree F 
Td :::; temperature di.fference (T O.~X - T ) in degree F 
mw mean 
Ev = pan evaporation in inches/day 
The Christiansen, Patil~ and Grassi formulas are applicable in metric 
units when R, Ev, and Et are all expressed in metric units. Some of the 
equations for the subscri.pts? however, would be difficult. All subscripts 
values will be correct when the following substitutions are made: 
in which 
(1. 8 Tc + 32) for Tf 
0.621 Wkm/ d for Wm / d 
0.0328 Em for E 100 ft. 
Tc = mean monthly temperature in degree C 
W km/d = wind velocity in kilometers per day 
Em = elevation in meters 
23 
Thornwaite method. Thornwaite (1948) advanced an exponential relation 
between mean monthly temperature in degrees centigrade and mean monthly 
potential evapotranspiration 
in which 
where 
where 
e = 1. 6 (10 t/I)a 26 
e = unadjusted monthly potential evapotranspiration in centimeters 
t = mean air temperature in degree C 
1 = annual or seasonal heat index, the summation of 12 values of 
monthly heat index, i, 
i = (t/5)1. 514 
a = an empirical exponent computed by the equation, 
a == O. 000000675 13 - O. 0000771 12 + O. 017921 ·1 
+ 0.49239 
27 
28 
He adjusted the result of e value by correcting for sunli.ght and days 
in the month. 
Thornwaite method was discussed by Van Wijk and De Vries (1954) 
24 
and by Pelton, King, and Tanner (1960). Evans (1962) indicated that evapotran-
spiration computed by this method has been found to lag behind actual evapotran-
spiration by as much as one month, due mainly to a lag of temperature behind 
solar radiation. 
Blaney-Criddle method. Blaney-Criddle (1950) have developed a 
correlation which utilizes mean monthly temperature, monthly per cent of 
daytime hours taken from the latitude of the location, the growing season of the 
crop and consumptive use coefficient. The general form of the equation is 
where 
in which 
U = ~ k f = K F ..........................• 29 
f = 0.01 pt 
u = k f 
U = consumptive use in inches for any period (U == ~ u) 
F = sum of monthly consumptive use factors (F == ~ f) 
K = consumptive use coefficient, average for the period 
t = mean monthly temperature in degrees F 
p == monthly per cent of daytime hours of the years 
30 
31 
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f = monthly consumptive use factors? (0.01 P t) 
k = monthly eoefe.cient 9 u/f 
u = monthly consumptive use in. inches (k f) 
The Blaney-Criddle formula expressed in the metric system becomes 
u = 25.4 k [0. 01 p (1. 8 T + 32)] 32 
which reduces to 
u = O. 254 k p (1. 8 T + 32) 33 
Blaney (1956) has suggested the use of the Blaney--Criddle formula 
for estimating pan evaporation where data are unavailable. The k values for 
pan evaporation vary greatly during the season and from place to place. He 
gave monthly k values ranging from O. 70 in the winter to 1. 30 in August. 
Hargreaves method. Hargreaves (1956) developed formulas for 
evaporation and evapotranspiration. He assumed that there is a linear 
relationship between the montly evaporation and mean monthly temperature 
o 
above 32 F, which can- be expressed mathematically by the equation 
Ev == m (t - 32) 34 
in which 
Ev == monthly evaporation in inches 
t = mean monthly temperature, degree F 
m = proportionality factor 
26 
He showed that Equation 34 can be refined by correcting for the length 
of da.y and expressed as foHows 
in which 
Ev = C d (t - 32) 35 
C = climatic factor, depending upon humidity and to a minor degree 
upon wind movement. 
d = monthly daytime coefficient, which is the ratio of the average day 
length for the month to 12 hours. The values of d are equal to the 
value of p in the Blaney-Criddle formula multiplied by 0.12 
(d = O. 12 p). 
From the theoretical considerations evaporation would approach zero 
as relative humidity at noon. approaches 100. Assuming a straight line 
relationship and using climatic data, he found the climatic factor, C, to be: 
c = O. 38 ~ O. 0038 H 
Combining the factors~ the formula for monthly evaporation is 
Ev = 0.38 d (1. 0 - O. 01 H) (t - 32) 
in which 
H == mean monthly relative humidity at noon. 
For evapotranspirati.on~ Et~ he app1i.ed a coefficient, ~~ to the 
computed evaporation. to obtain the evapotranspiration. 
36 
37 
27 
Et = k
m 
Ev (inches/month) 38 
This km is a consumptive use coefficient, or the ratio of evapotranspiration to 
pan evaporation. It depends on the stage of cropgr()wth. He gave the values ofk 
m 
for rice based on data from the Irrigation Department, University of California 
at Davis, California, as follows: 
Month km 
April 0.32 
May 1. 34 
June 1.42 
July 1. 40 
August 1.44 
September 0.51 
Seasonal 1.07 
The Hargreaves formula expressed in metric units becomes 
Et = 25.4; km [ 0.38 d (1. 0 - 0.01 H) (1.8 T)] .....•. 39 
which can be reduced to 
E t = 17. 37 k
m 
d T (1. 0 - O. 01 H) •••..•.•.•.•... 40 
When expressed in terms of the Blaney-Criddle daytime percentage, 
this formula becomes 
Et = 2.084 k p T (1. 0 - 0.01 H) 
m 
41 
28 
Water regl,lirements and evapotranspiration of rice 
A review of the literature shows that in early water requirement 
studies, the relative water requirement of different crops was usually 
expressed as the transpiration ratio. Hammatt (1920) reported that from the 
experiments by Leather in India the mean transpiration ratio of rice was 811. 
From experimental work done on rice (Honduras, C I 1643) at Akron, Colorado, 
Shantz and Piemeisel (1927) found that the transpiration ratio was 682. King 
(1955), in reviewing the literature on the irrigation requirements and irrigation 
methods of paddy rice, indicated that the transpiration ratio of rice in Japan 
varies from 347 to 395. 
The early studies in this field of research on irrigation farms used the 
term "duty of water" instead of "water requirement, " usually without specifying 
exactly whether the reference was to diversion or delivery. The term "duty of 
water" as commonly used expresses the relation of the area of land that is 
served by a given quantity of water. 
Willcocks (1899) indicated that in summer rice needs 1 cubic meter 
per second for 2,200 acres of rice (1 cubic foot per second for 62.30 acres) 
in the Egyptian Delta. Clayton (1931) showed that where the land was somewhat 
level, the subsoil imprevious, and the water used in an economic manner, a flow 
of 5 gallons per minute per acre, (1 cubic foot per second for 90 acres) or a 
depth of 21 inches in 80 days, is required to produce a crop of rice in 
Arkansas, U. S. A. 
Adams (1920) in work done in California, reported that the seasonal 
use average for grOwing rice in Sacramento Valley was about 1 cubic foot per 
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second for 65 acres. The average quantity of water used was about 60 inches, 
the extremes ranging from 53 to 179 inches. Of this only about 1. 5 inches was 
precipitation during the irrigation season, ranging from 147 to 189 days. And 
he also indicated that about one-third of the water applied to rice field is lost 
by evaporation from the surface of the standing water during the submergence. 
Water in a rice paddy is disposed of through evaporation, transpiration, 
percolation, and seepage through the border ridges. The first two is commonly 
known as evapotranspiration, or consumptive use. All rice growing countries 
have their own experience and pattern of irrigation, but researches on consumptive 
use of rice are few. 
Cheng and Pien (1940), in reviewing the literature on water requirements 
of rice in the rice growing countries of the world, reported that the amount of 
J:ioo 
water used ranged from about 24 inches in certain provinces of China to as 
much as 140 inches in California. From the experimental work done on water 
requirements of rice at the National Taiwan University, Chang (1961) reported 
that the water requirement was 1030 millimeters in a 117 day irrigation period, 
and that the average water requirement was 8. 8 millimeters per day. He also 
reported that the experimental results on water requirements for rice for 
eighteen experiments conducted in China varied from 504 millimeters to 2549 
millimeters and that the evapotranspiration varied from 397 mi.llimeters to 952 
millimeters. 
Tanabe (1957) pointed out that the rate or the total transpiration of rice 
differs according to the crop species, stage of growth, geographical location 
and planting management practiced. He emphasized that variety and season of 
30 
planting greatly affect the growth period and rate of transpiration by the crop. 
Aglibut, et al. (1957) observed that the monthly' evapotranSI.liration 
of Milfor Rice varied with all. average of 0.59 centimeters per day from September 
to December t 1955. Their later tests showed that Tjeremas Rice had a higher 
evapotranspiration rate with an average of 0.69 centimeters per day from 
September to November, 1956 and 0.88 centimeters per day from Apri.l to 
August, 1957. 
Abraham (1963) showed, from the experimental work evapotranspiration 
of Milfor Rice raised in metal tanks at the International Rice Research Institute, 
Philippines, that the maximum evapotranspiration during the headi.ng stage was 
1. 11 centimeters per day and the total evapotranspira.tion was 84.46 centimeters 
in a 116 day irrigation period. He also concluded that there is a close relation-
ship between evapotranspiration and solar radiation with a correlation coefficient 
of 0.83. 
GE1\TERAL PROCEDPRE 
Climatological and other data 
Climatological and evaporation data were obta.ined from the Meteorological 
Department, Office of the Priminister, Bangkok, Thailand, at two different 
stations in the Central Plain of Thailand j namely, Bangkok (Lat. 130 -44' N, 
Long. 1000 - 30' E) and Suphanburi (Lat. 14° - 30' N Long. 99° - 50' E)o Most 
of the data covered the period from Janaury, 1959 to December, 1964, but class 
A pan evaporation was measured from April, 1961 for Bangkok station and from 
August, 1962 for Suphanburi station. 
The data on actual evapotranspiration of rice were obtained from the 
Royal Irrigation Department, Bangkok, Thailand. These data are discussed as 
follows: 
Temperature. The mean monthly maximum and the mean monthly 
temperatures in degree C were punched into data cards, although only the mean 
monthly temperatures were used in this study. 
Wind. Wind velocities are given in Beaufort number. Wind data Is 
measured at 23 meters above the ground for station 1 (Bangkok) and 15 meters 
above the ground for station 2 (Suphanburi). Some formulas used wind velocities 
in miles per day or miles per hour. For these formulas, wind velocities in 
Beaufort number, W, were converted to miles per hour and miles per day by 
the empirical formulas cited by Berry, Jr. et al. (1945). 
32 
Wmh = 1.87 H 42 
43 
in which 
W mh = wind velocities in miles per hour 
Wmd = wind velocities in miles per day 
Wind velocities taken at 23 and 15 meter elevation were correlated to a 
2 meter elevation by use of the formula, 
W = W (log 6. 6) 
2 1 log h 
44 
in which 
W 2 = wind velocity at 2 meters (6. 6 feet) above the ground 
WI = wind velocity at height, h in feet 
The Patil formula for evaporation uses wind velocities at 2 feet, W2f, 
above the ground level. To convert velocities from those measured at 2 meters, 
W2m to velocities at 2 feet, several methods were tried, and the following 
relationship was adopted as representing an average 
45 
Relative humidity. The H value punched into the data card was the 
average for eight readings for station 1, and five readings for station 2. In 
some formulas the relative humidity at noon is used. The HI value in the data 
card was the humidity at noon for station 1. The humidity data at noon for 
station 2 is not available, so the humidity for 1:00 P. M. was used. 
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The Patil formula for evaporation uses the average relative humidity for 
two readings, at 11 A. M. and 5 P. M. Since data were not available at 11 and 
5 O'clock, the humidity at n.oon at station 1 and at 1:00 P. M. at station 2 was 
used in the computation. 
Cloud cover. Cloud cover is given in octos, or a scale of 0 to 8. These 
data were punched into the data cards, and were converted to a scale of 0 to 10 by 
multiplying by 1. 25. 
Sunshine. Sunshine is given as a percentage of the total possible hours 
of sunshine for the month. For station 1 the per cent of possible sunshine was 
computed from the actual hours of sunshine duration. per month divided by the 
total possible hours of sunshine. The actual hours of sunshine hours data for 
station 2 is not available, therefore, the per cent of possible sunshine was 
computed from the cloud cover data, Cc, in accordance with the following 
relationships obtained by plotting cloud cover data (scale 0 to 8) against sunshine, 
S, at station 1. 
2 S = 74. 5 + 9. 5 Cc - 2. 0 Cc 46 
This relationship is shown in Figure 1. The S values for station 1 
were punched into the data cards and for station 2 then were computed from 
Equation 46. 
Precipitation. Precipitation is given in millimeters per month. 
Precipitation data for each month were punched into data cards, but were not 
used in the analysis. 
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Figure 1. Relation between cloud cover and per cent of possible sunshine 
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Evaporation. Evaporation was reported in Piche for all 72 months at 
both stations. Class A pan evaporation data in millimeters per month, were 
available for 45 months at station 1 and 29 months at station 2. These evaporation 
data were punohed into the data cards. 
Daylight hours. Daylight hours as punched into data cards were inter-
polated from a table computed by Blaney and Criddle (1950). These data are 
given as a p~rcentage for ea9h ~onth. 
Radia,tion. Radiatipn as used in thjs study is the total amount of solar 
radiation, R, received at the top of the atmosphere, corrected to equivalent 
depth of evaporation at 20 degree C in millimeters. Radiation data punched 
into the cards were interpolated from a table computed by Christiansen (1960) 
from original data by Shaw (1942). This table is given in the Appendix (Table 12). 
Vapor pressure~ The saturated vapor pressure Pvs in inches of Hg 
and t in degree F, was computed from the equation 
in which 
in which 
Pvs ::= e(17. 765 - 9576. 9/(t + 459. 7) 
. . . . . . . . . . . . 47 
e ::= the base of the natural or Napierian logarithms. 
The actual pressure of the vapor in the atmosphere, Pva, is then 
Pva = o. 01 H Pvs 
H = the relative humidity in per cent. 
The vapor pressure deficit, Pvd, is then 
48 
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Pvd = Pvs - Pva • • • • • • • • ,. • • • • • • .. • e • • .. II • • • • 49 
Pvd = Pvs (1. 0 - o. 01 H) 50 
These vapor pressure formulas were discussed by Al-Barrak (1964). 
Actual evapotranspiration of rice. The data on evapotranspiration of 
) 
rice were reported in millimeters per month. These data were obtained from 
the results of experiments with 5 month rice in 1964 at Sam Chook Experimental 
Farm, of Royal Irrigation Department, Thailand, about 20 miles from the 
weather station 2. These five months evapotranspiration data are given in Table 
10. The experimental procedures is discussed as follows: 
Experimental procedure for 
I 
measured evapotranspiration 
data of rice 
A study on the water requirements of rice was conducted from June 27 
to November 23, )964 at the Sam Chook Experimental Farm, Suphanburi 
province, Central Plain of Thailand. Two sets of metal tanks, each measuring 
75 cm x 75 cm x 100 cm., one with closed bottoms and the other bottomless, 
were installed in a portion of block~ All tanks were placed in the ground of a 
paddy field with the bottoms 80 cm below the ground surface. The soil 
excavated prior to installation of tanks A and B was carefully replaced in each 
tank in order to insure homogeneity within tanks and with that of the surrounding 
soil. Tanks C and D have been fitted around columns of soil of the same 
dimensions as tile inside measurements of the tanks, after removal of the soil 
on the outside. These tanks were open at the bottom. Four tanks are employed 
for each treatment, representing four replications. 
On June 27, 1964, the tanks A, C and the surrounding area in the plot 
were transplanted with 35 day old seedlings of Bang Phra variety. Views of 
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the experimental layout are shown in Figures 2 and 3. The dis tance of planting 
was 25 x 25 cme, each hill consisting of three seedlings. The water depths 
inside the ta"Q.ks were then set at 10 cm immediately after transplanting. Tanks 
B and D were not planted but were filled with water to a depth of 10 cm. above 
the soil surface. Artificial rice plants were placed in tanks B and D to provide 
shading similar to both provided by the rice plants in order to obtain an estimate 
of direct evaporation from the water surface. 
Depletion of water was measured at 9:00 A. M. every morning with the 
. use of a hook gauge and a needle indicator. In all the tanks, the original 10 cm 
water depths were readjusted everyday after reading. After heavy rains, the 
water level in each tank is readjusted by removing the additional amount of 
water as recorded by the rain gauge which is installed at the center of the 
experimental plot. 
Daily measurement is made from the second day after transplanting 
until two weeks after the full flowering stage of the crop. The recorder had 
a clock and a chart to record the water level in all tanks. Evaporation losses 
are obtained directly from reading of tank B. Water loss due to transpiration 
is calculated from (A - B) and (C - D). Percolation is derived from (C - A) 
and (D - B). 
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Figure 2. View of experimental layout shortly after transplanting the rice 
Figure 3. View of same area as r ice was beginning to head 
Programs for computing monthly coefficient, 
evaporation and evapotranspiration 
39 
The computer programs FOR-GO and FOR-TO-GO language were pre-
pared, for computing monthly coefficient, evaporation and evapotranspiration 
for all of the formulas which were used in this study. The IBM -1620 digital 
computer was used for all of these analyses. 
The first step is writting a program for computing the monthly coefficient 
for evaporation and then a program was written to compute evaporation. The 
computed evaporation is compared with the actual measured pan evaporation by 
calculating the differences in computed and actual evaporation, the ratios of the 
two values and the error term (deviation from the mean values) of each formula. 
The error terms are determined from the following equation 
in which 
Error term =~~. (Eve - Ev)2/ Ev 
n - 1 
Eve = computed monthly evaporation in millimeters 
Ev :::: actual monthly evaporation in millimeters 
Ev = ~ Ev/n = average Ev 
n = number of months 
51 
In estimating the evapotranspiration of rice, the first step is computing 
the consumptive use coefficient by dividing the actual measured evapotranspiration 
by the computed evaporation as given by the various formulas. A program was 
then written to compute evapotranspiration from a modified formula to what the 
40 
consumptive use coefficient was applied. This procedure is discussed in more 
detail under each formula that was used in the study. 
The results of the computations from the computer programs are 
summarized and presented in Table 1 to Table 11 and climatic data are given 
in Table 13 in the Appendix. All of the evaporation and evapotranspiration unit 
are in millimeters. 
Procedure to computed monthly coefficient, 
evaporation, consumptive use coefficient 
and evapotranspiration from various 
formulas 
Blaney-Criddle formula. The monthly coefficient for pan evaporation, 
k, which is here designated as Cm' was computed by dividing the actual measured 
evaporation by the calculated value of 0.254 P (1. 8 T + 32) from Equation 33 
C
m 
= Ev / [ O. 254 P (1. 8 T + 32)J ................ 52 
The computed monthly values of Cm were plotted as shown in Figure 4 
and the adjusted em values, read from the curve, were used to compute the 
monthly evaporation, Evc. 
Evc = O. 254 em p (1. 8 T + 32) . . .............. 53 
The adjusted em values ranged from o. 70 to 1. 03 as given in Table 1. 
In order to estimate the monthly consumptive us'e coefficient, km' the 
actual measured evapotranspiration, Et, was divided by the calculated value of 
O. 254 p (1. 8 T + 32) 
41 
k
m 
= Et/ [0.254 p (1.8 T + 32)] ................. 54 
The values of km were plotted as shown in Figure lIb and a smooth 
curve was drawn through the points. The adjusted values? km' were then used 
to compute evapotranspiration, Etc, from the Blaney-Criddle formula: 
Etc = O. 254 ~ P (1. 8 T + 32) 55 
Hargreaves' formula. Hargreaves' formula uses the relative humidity 
at noon. The measured relative humidity at noon at station 2 is not available. 
The assumption is made that the relative humidity at 1:00 Po M. is approximately 
the sr me as the relative humidity at noon. 
The monthly coefficient for pan evaporation, em was determined by 
dividing the actual measured evaporation, Ev, by the calculated values from 
Hargreaves' formula, in Equation 41 
em = Ev / [2.084 p T (1. 0 - O. 01 H)] ............. 50a 
The results of the computed monthly values of Cm were plotted as 
shown in Figure 5. The adjusted values of C
m 
as given in Table 1 were used 
to computed monthly evaporation, Evc, which is 
Evc = 2. 084 em p T(l. 0 - O. 01 H) 51a 
For evapotranspiration, the consumptive use coefficient, k ,was 
m 
computed by dividing the actual measured evapotranspiration, Et, by the computed 
monthly evaporation, Evc. The calculated km' values were then plotted as shown 
42 
in Figure lOa and a smooth curve was drawn through the points. The values 
of k
m 
in this instance is the ratio of Et/Evc. The evapotranspiration was then 
computed from the following equation. 
Etc = 2.084 em k
m 
p T (1.0 - 0.01 H) ............ 52a 
Rohwer's formula. Rohwer's modified formula, expressing the vapor 
pressure deficit, (e
s 
'""' ed) in mm and wind velocity at 2 meters above the ground 
in miles per hour, W 2' can be written 
6 
This equation was used in computation after converting the Beaufort wind number 
to miles per hour, and then reducing them to an elevation of 2 meters above 
ground level by means of the following formulas 
in which 
Station 1, Wmh = 0.816 -I ~3 ............... 53a 
Station 2, Wmh = 0.906 -V W~5 ............... 54a 
W23 and W15 = wind velocities in Beaufort number at elevations of 23 
and 15 meters above ground level. 
The vapor pressure deficit was determined from Equation 47, 48, and 
50, and was converted to millimeters. 
The monthly coefficient for pan evaporation, em' was computed by 
dividing the actual monthly measured evaporation by the calculated evaporation 
43 
per month from Equation 6. The computed monthly coefficient was then adjusted 
by the same procedure as explained previously. The values of Cm becomes 
55a 
To calculate the monthly computed evaporation, Evc, the modified 
Rohwer's formula, Equation 6, was multiplied by the adjusted monthly coefficient, 
Cm , as given in Table 1 and the number of days in the month, N 
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Penman's formula. This formula makes use of mean temperature, wind 
speed at 2 meters above the surface, relative humidity, per cent of possible 
sunshine and radiation in calculating the evaporation from an open water surface. 
The value of the reflection coefficient, r, was taken equal to O. 05. The per cent 
of possible sunshine, S, for station 2 is given by Equation 46 as explained 
previously. For both stations, the wind velocities, Ware in Beaufort at 23 
meters and 15 meters above the ground. The values of W for station 1 and 
station 2 were converted to miles per day, Wmd' at 2 meters above the ground 
in the same manner as for the Rohwer's formula. 
The monthly coefficient for pan evaporation, Cm' was determined by 
the routine procedure to be: 
in which 
C = EV/(Eo N) m 57 
Ev = actual measured monthly evaporation in millimeters 
Eo = evaporation in millimeters/day in Equation 16 
N := number of days in the month 
The computed C values were plotted as shown in Figure 7 and the 
m 
adjusted values were given in Table 1. The same procedure as previously 
discussed, was used to compute monthly evaporation, Evc 
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The next step was to compute the value of k by dividing the monthly 
m 
actual evapotranspiration, Et~ by the computed value of Eo N. Table 9 gives 
the adjusted ~ values by plotting the computed k
m 
as shown in Figure lla. 
The computed Eo N values were then converted to monthly computed evapo-
transpiration, Etc, by multiplying Eo N by adjusted km values. 
59 
Patil's formula. The subcoefficient for elevation, CE for Patil' s 
formula is: 
CE = 0.936 + 0.00351 E - O. 0000156 E2 60 
in which 
E = elevation in hundreds of feet 
The elevation of station 1 is about 7 feet and station 2 is about 20 feet 
from mean sea level. Therefore, the coefficient for elevation in Equation 60 
can be reduced to 
44 
45 
CE = 0.936 
The existing Patil's formula from Equation 20 became 
61 
in which 
E, K, R, CT , CW' CS' and CH are the same in Equation 20, Patil 
found a value for K = 0.530. The monthly evaporation in inches E, was converted 
to millimeters, Evc by multiplying by 25.4. The final PatH's formula, Equation 
20 became 
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Patil's formula used wind velocity above the evaporation pan at a 
height of about two feet. The wind velocities in the data card, W, in Beaufort 
number were converted to miles per day at two feet, Wmd' by the following 
equation 
Station 1 W md = 14. 693.J W~3 
Station 2 Wmd = 16. 300-J W~5 
............... 63 
64 
W23 and W15 = wind velocities in Beaufort number at elevations of 23 
and 15 meters above ground level. 
By using Equation 62 the monthly coefficient for pan evaporation, Cm , 
the adjusted monthly coefficient, and the computed monthly evaporation, Evc 
were computed by the same procedure as previously explained. The adjusted 
monthly coefficient for pan evaporation was given in Table L 
Formula development for the Central 
Plain of Thailand 
46 
Three general formulas were developed for estimating pan evaporation 
and evapotranspiration of rice. 
Formula 1, called Palayasoot 1, for stations 1 and 2, for estimating 
pan evaporation, expresses evaporation as a function of solar radiation reaching 
the earth's atmosphere, R, mean temperature, T, relative humidity, H and per 
cent of possible sunshine, S. 
Formula 2, Palayasoot 2, was developed for station 1 usi.ng solar 
radiation, mean temperature, wind velocity, W, cloud cover, Cc, and relative 
humidity. 
Formula 3, Palayasoot 3, for estimating evapotranspiration of rice, 
expresses evapotranspiration as a function of the same variables as used in 
Palayasoot 2. 
Formula 4, Palayasoot-Grassi, expresses evapotranspiration as a 
function of pan evaporation, Ev, mean temperature, relative humi,di ty, and 
cloud cover. 
Formula 5, called the Christiansen formula, was developed by Professor 
Christiansen from the same data as used in the development of formula 3, 
expresses the evapotranspiration as a fun.ction of radiation, temperature, 
humidity and cloud cover. 
The general procedure applled was patterned after those developed by 
Christiansen (1960), Christiansen and Patil (1961), Patil (1962), Mathison 
(1963), and Grassi (1964). The general procedure to develop these formula is 
briefly discussed below. 
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Formula L Palayasoot 1 for estimating pan evaporation station 1 and 
station 2. The first step in the development of the formula was the selection 
of order of important climatic factors for both stations. The order of climatic 
factors are, temperature, T, relative humidity, H, and per cent of possible 
sunshine, S. 
The ratio of Ev /R was computed and plotted as a function of temperature. 
The equation for the temperature coefficient, CT , is 
Ev/R = KT CT = 0.0118 T 
Letting 
CT = 1 when T = 280 C 
then 
KT = 0.330 
and 
CT = 0.0358 T . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 
The next step was to plot the value of Ev/R CT as a function of humidity_ 
The equation for the best fit curve is 
Letting 
then 
and 
2 
Ev /R CT = KH CH = O. 298 + O. 71 H - O. 888 H . 
CH = 1 when H = O. 75 
KH = 0.331 
2 C = 0.90 + 2. 15 H - 2.68 H 
H 
................. 66 
This process was repeated, dividing Ev by the product, R CT KH CH, 
and plotting this parameter as a function of per cent of possible sunshine to 
obtain the sunshine coefficient, CS' 
Ev/R CT KH CH = KS Cs = 0.80 + 0.00375 S 
Letting 
Cs =: 1. 0 when S = 60 
then 
KS =: 1.025 
and 
48 
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Cs = O. 78 + O. 00366 S 67 
K = KH KS = O. 3393 
For both stations no correlation was found with wind velocity. 
This final formula Palayasoot 1; was expressed as 
68 
In order to reduce the error, Equation 68 with K = 0.3393, was used 
to compute evaporation and the result was compared with the actual evaporation 
at both stations. The value of K was then adjusted to 0.3375 to obtain a mean 
value of the ratio Ev/K R CT CH Cs = 1. O. 
The equations for the formula and subcoefficients are given on page 53 
of this thesis. 
Formula 2, Palayasoot 2 for estimating pan evaporation station 1 
@angkok) . Applying the same procedure explained in developing Palayasoot 
1 formula, the climatic factors for station 1 were used to determine the sub-
coefficients. The final formula can be expressed 
Ev = 0.315 R C Cw CCc CH T 
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The equations for the formula and subcoefficien.ts, CT' CW, CCc ' and 
CH are given on page 53 of this thesis. 
Formula 3, Palayasoot 3 for estimating evapotranspiration. The actual 
measured evapotranspiration., Et, at experimental farm, about 20 miles from 
the weather station 2 and the climatic factors of station 2 for 5 months record, 
50 
July to November, 1964, were used to develop this formula. 
By using the same procedure as discussed previously, the ratio of 
Et/R was plotted as a function of cloud cover, Cc, and then cloud cover 
coefficient equation, CCc ' can be written 
Letting 
Then 
and 
Et/R = K C = O. 6 - O. 03 C c Cc 
C Cc = 1 when Cc = 5 
CCc = 1.35 - 0.07 Cc 
K = 0.45 
70 
The ratio of Et/K R CCc was correlated with the record meteorological 
variable, wind velocity, W, and then the wind coefficient equation was found to 
be 
Cw = 0.5 + 0.25 W ......................... 71 
The process was repeated, dividing Et/R by the combined value of the 
previous correlation equations to obtain the temperature coefficient, CT and 
humidity coefficient, CR , in Equations 72 and 73 
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CT = O. 7 + O. 01 T . . . . . . . . . . . . . . . . . . . . . . .. 72 
CH = 1. 48 - O. 006 H . . . . . . . . . . . . . . . . . . . . .. 73 
Palayasoot 3, formula was then expressed as: 
74 
For estimating monthly consumptive use, the monthly consumptive 
coefficient, ~, was computed by dividing the actual measured evapotranspiration 
by the computed evapotranspiration from Equation 74. The values of computed 
consumptive use coefficient, km' were plotted as shown in Figure lOb and a 
smooth curve was drawn through the points. The adjusted monthly consumptive 
use coefficients, km' were then used in Equation 74, which became 
...•••••.•.••... 75 
Formula 4, Palayasoot-Grassi, for estimating evapotranspiration. Using 
procedures similar to that already discussed, the following formula and sub-
coefficients were developed for estimating evapotranspiration from rice based 
on data from July to November 1964. This formula, called the Palayasoot-Grassi 
formula because it is similar to one developed by Grassi (1964), based on the 
relationship between evapotranspiration and pan evaporation, is 
76 
in which 
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CT = 2. 923 - O. 0687 T ..................... 77 
CH = 1. 92 - O. 0115 H ..•...••.••.•........ 78 
CCc = 1. 45 - O. 075 Cc . . . . . . . . . . . . . . . . . . . . 79 
The values of the monthly consumptive coefficient, km' are given in 
Table 9. 
Formula 5, Christiansen formula for estimating evapotranspiration. By 
using the same procedure as discussed previously, the ratio of Et/R was plotted 
as a function of temperature, T. The assumption was made that CT = 0 when 
T = 0 and then temperature coefficient equation, CT' can be written 
CT = O. 0357 T ......••..•....•.••....... 80 
The ratio of Et/R CT was correlated with humidity, H. Because of 
limiting data the assumption was made that CH = 0 when H ::I:: 100 and a straight 
line was then passed through this point and the centroid of plotted values. The 
humidity coefficient was found to be 
CH = 4. 00 - O. 04 H ......•.........•...... 81 
The process was repeated, dividing Et/R by the combined value of 
CT CH to obtain the cloud cover coefficient CCc which is given by the following 
equation 
CCc = 1. 40 - O. 063 Cc 82 
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The constant K was found to be 0.454. The final Christiansen formula 
was then expressed as 
83 
The values of computed consumptive use coefficient, k ,were plotted 
m 
as shown in Figure 12a. 
Summary of developed equations 
Palayasoot 1 for estimating pan evaporation station 1 and station 2. 
Ev = K R CT CH Cs Cm (millimeters/month) 
K = 0.3375 
R = solar radiation in millimeters/month 
C
T 
= O. 0358 T (T in °C) 
CH = O. 90 + 2. 15 H - 2. 68 H2 (H expressed decimally) 
Cs = 0.78 + O. 00366 S (S in per cent) 
Cm = monthly coefficient (See Table 1) 
Palayasoot 2 for estimating pan evaporation. station 1 (Bangkok). 
Ev = K R CT Cw CCe CH Cm (Millimeters/months) 
K = 0.315 
R = the s arne as in Palayasoot 1 
CT = 0.037 T (T in °C) 
Cw = O. 847 + O. 118 W (W in Beaufort at 23 meters above the ground) 
CCc = 1. 206 - O. 0343 Ce (Cc scale of 0 to 8) 
eH == 2.633 - O. 0204 H (H in per cent) 
C
m 
;:;:: 1.0 
Palayasoot 3 for estimating evapotranspiration of rice. 
Et ;:;:: K R C Cc Cw eTcH k m (Millimeters/Month) 
K;:;:: 0.45 
R == the same as in Palayasoot 1. 
CCc;:;:: 1. 35 - 0.07 Cc (Cc scale of 0 to 8) 
Cw ;:;:: O. 5 + O. 25 W (W in Beaufort at 15 meters above the ground) 
Cw ;:;:: 0.5 + O. 216 W (W at 23 meters above the ground) 
C T == 00 7 + O. 01 T (T in 0 C) 
C
H 
;:;:: 1. 48 - O. 006 H (H in per cent) 
k ;:;:: monthly consumptive use coefficient (See Table 9) 
m 
Palayasoot-Grassi for estimating evapotranspiration of rice. 
Et ;:;:: K Ev C C CCc k (Millimeters/month) 
T H m 
K;:;:: 1. 44 
Ev ;:;:: pan evaporation in millimeters/month 
C
T 
;:;:: 2.923 - O. 0687 T (T in DC) 
CH ;:;:: 1. 92 - O. 0115 H (H in per cent) 
CCc;:;:: 1. 45 - O. 75 Cc (Co scale of 0 to 8) 
k ;:;:: monthly consumptive use coefficient (See Table 9) 
m 
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Christiansen formula for estimating evapotranspiration of rice. 
Et = K R CT CH C Cc km (Millimeters/month) 
K = 0.454 
CT = O. 0357 T (T in °C) 
CH = 4. 00 - O. 04 H (H in per cent) 
CCc = 1. 40 - O. 063 Cc (Cc scale of 0 to 8) 
km = monthly consumptive use coefficient (See Table 9). 
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DIsceSSION OF RESULTS 
Pan evaporation and monthly coefficients 
Adjusted values of the monthly coefficient, em' are summarized i.n 
Table 1. For the Blaney-Criddle formula these monthly coefficients varied from 
O. 70 for September and October to 1. 03 for April with an annual value of O. 83. 
For the Hargreaves formula the variation was from 0.66 for January to 0090 for 
September with an annual value of o. 77. For the Rohwer formula the monthly 
coefficients varied from a minimum of O. 95 for March to a maximum of 1. 33 
for September with an annual value of 1. 13. For the Penman formula. they varied 
from a minimum of 0.86 for November to a maximum of 1.. 00 for May with an 
annual value of 0.95. For Patil's formula the variation was from 0.68 for 
December to O. 81 for May and August with an annual value of O. 77. For the 
Palayasoot 1 formula the variation was from O. 95 for February to 1. 04 for May 
with an annual value of 0.99. 
The mean monthly values of the measured pan evaporation for station 
1 and 2, together with the mean monthly values of the computed evaporation for 
six formulas, using the monthly coefficients are summarized in Tables 2 and 3. 
The error term at the bottom of the tables show how well the formulas 
with the monthly coefficients fitted the actual data. Using monthly coefficients 
all of the formulas except Rohwer's fitted the data quite welL 
Table 1. Adjusted monthly coefficients, Cm for pan evaporation 
Month B-C Harg. Rohwer Penm. PatH P-1 
1 0.87 0.66 0.98 0.99 0.72 0.99 
2 0.92 0.68 0.97 0.93 0.73 0.95 
3 1. 00 0.78 0.95 0.97 0.77 1.00 
4 1. 03 0.82 0.98 0.98 0.80 1.03 
5 0.94 0.85 1.03 1.00 0.81 1.04 
6 0.78 0.73 1.00 0.95 0.78 0.99 
7 0.73 0.78 1.04 0.97 0.80 0.99 
8 0.74 0.86 1.15 0.98 0.81 1.00 
9 0.70 0.90 1.33 0.95 0.80 1.01 
10 0.70 0.88 1.32 0.85 0.72 0.98 
11 0.74 0.76 1.15 0.86 0.69 0.97 
12 0.80 0.67 1.02 0.93 0.68 0.98 
Annual 0.83 0.77 1.13 0.95 0.77 0.99 
Cl1 
-.::J 
Table 2. Mean monthly computed evaporation for four-year period (1961-1964) station 1 (Bangkok) 
Month Ev B-C Harg. Rohwer Penm. PatH P-1 P-2 
mm mm mm mm mm mm mm mm 
1 140.5 139.2 139.6 107.4 138.5 130.8 136.6 140.2 
2 138.2 139.9 131. 6 101.0 135.1 132.1 133.3 144.7 
3 183.6 179.9 165.7 120.3 175.6 170.5 166.2 182.1 
4 187.1 190.0 171. 1 129.4 188.4 182.5 178.0 189.9 
5 174.2 181. 5 160.6 102.1 167.6 158.5 155.9 162.8 
6 144.0 144.7 132.5 90.7 139.5 134.5 136.8 149.2 
7 138.6 137.9 129.1 84.6 126.6 123.3 126.0 143.4 
8 135.8 136.1 133.9 84.7 128.9 125.2 122.6 136.9 
9 123.4 120.2 117.1 81.9 111. 9 110.6 107.3 120.6 
10 112.5 120.4 115.5 81. 4 114.0 108.8 109.6 117.2 
11 114.6 118.3 120.3 85.4 113.3 107.7 110.5 115.9 
12 125.9 126.0 123.6 95.0 118.7 111. 1 120.0 125.3 
Sum 1718.4 1734.1 1.640.6 1164.4 1658.1 1595.6 1602.8 1728.2 01 
00 
Error term 0.072 0.101 0.349 0.095 0.113 0.101 0.061 
Table 3. Mean monthly computed evaporation for three-year period (1962-1964) station 2 (Suphanhuri.) 
Month Ev B-C Harg. Rohwer Penm. Patil P-1 
mm mm mm mm mm mm mm 
1 144.2 134.1 148.6 177.6 140.4 144.4 148.3 
2 131. 5 139.3 140.3 180.1 140.7 148.1 149.1 
3 178.5 180.9 202.4 206.6 183.5 188.1 202.4 
4 210.6 194.8 251.5 328.0 218.2 240.0 238.6 
5 198.7 186.3 227.8 244.5 196.1 200.3 214.9 
6 132.4 147.7 165.7 219.0 160.9 167.9 177.7 
7 144.6 140.4 158.9 175.1 156.0 159.0 164.9 
8 146.3 139.2 166.3 196.1 155.9 161. 2 162.4 
9 114.9 123.4 123.9 135.6 128.7 126.6 132.5 
10 127.0 120.5 117.0 161. 5 126.9 132.5 129.1 
11 121. 3 116.2 117.7 156.6 122.4 129.4 124.7 
12 122.0 121. 3 125.5 192.0 130.2 139.4 129.5 
Sum 1772.0 1744.1 1945.6 2372.7 1859.9 1936.9 1974.1 
Error term 0.117 0.175 0.420 0.151 0.161 0.161 
~1 
co 
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Tables 4 and 5 give the average monthly ratios of the computed 
evaporation as given in Tables 2 and 3 to the actual evaporahon. These tables 
show at a glance the average relative accuracy of the various formulas where 
applied to station 1 and 2. 
Tables 6 and 7 give the average actual and computed evaporation using 
the constant annual coefficients as given in Table 1 instead of monthly eoefficients. 
The error terms are all somewhat higher than when variable monthly coefficients 
are used but are lowest for the Palayasoot 1 formula for which the monthly 
coefficients are more nearly constant. 
Evapotranspiration for rice 
Table 8 gives the average values of the climatic factors for the month 
of July through November, the rice growing period, for both stations 1 and 2. 
This table shows that for station 1 as compared with station 2, the mean 
temperature, T, is slightly lower, and that the humidity, H, and cloud cover, 
Cc, are higher, and the wind, W, and sunshine, S, are lower. Daytime 
percentages, D, and theoretical radiation values, Rare esten.tIaUy the same 
for both stations. 
Table 9 gives the adjusted monthly consumptive URe coeffici.ents for the 
differen.t evapotranspiration formulas together with the actual pa..ll evaporation 
and rice evapotranspiration for station 2 for July through November 1964. 
Table 10 gives the actual and computed evapotranspiration for the sa.me 
period, using monthly coefficients as given in Table 9. 
Table 4. Mean monthly ratios of computed to actual evapora.tion for four-year period (1961-1964) 
station 1 (Bangkok) 
Month Ev B-C Harg. Rohwer Penm. Patil P-1 P-2 
1 14Q.5 0.990 0.993 0.764 0.986 0.931 0.972 0.998 
2 138.2 1.012 0.952 0.730 0.977 0.955 0.964 1.047 
3 183.6 0.979 0.902 0.655 0.957 0.928 0.906 0.992 
4 187.1 1.015 0.914 0.691 1.007 0.975 0.951 1.015 
5 174.2 1. 041 0.921 0.586 0.962 0.909 0.895 0.934 
6 144.0 1. 004 0.920 0.629 0.969 0.934 0.950 1.036 
7 138.6 0.994 0.931 0.610 0.913 0.889 0.909 1.035 
8 135.8 1. 002 0.986 0.623 0.949 0.922 0.903 1.008 
9 123.4 0.974 0.948 0.663 0.907 0.896 0.869 0.977 
10 112.5 1.070 1.026 0.723 1. 013 0.967 0.974 1. 042 
11 114.6 1.032 1.049 0.745 0.989 0.940 0.964 1. 011 
12 125.9 1. 000 0.981 0.754 0.943 0.882 0.953 0.995 
Annual 1.009 0.955 0.678 0.965 0.928 0.933 1.006 
0) 
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Table 5. Mean monthly ratios of computed to actual evapo~ation for three-year period (1962: 1964} 
station 2 (Suphanburi) 
Month Ev B-C Harg. Rohwer Penm. Patil P-l 
1 144.2 0.929 1.030 1.231 0.974 1.002 1.028 
2 131. 5 1.059 1.066 1.369 1.070 1.127 1.134 
3 178.5 1. 013 1.133 1.157 1.028 1.054 1.134 
4 210.6 0.924 1.194 1.557 1.036 10139 1.133 
5 198.7 0.937 1.146 1.230 0.987 1.008 1.082 
6 132.4 1.115 1.251 1.654 1.215 1.268 1.342 
7 144.6 0.970 1.098 1.210 1.079 1.099 1.140 
8 146.3 0.951 1.136 1.340 1.066 1.101 1.110 
9 114.9 1.073 1. 078 1.180 1.102 1.102 1.153 
10 127.0 0.948 0.921 1.271 1.043 1.043 1.016 
11 121. 3 0.957 0.970 1.291 1.067 1.067 1.028 
12 122.0 0.994 1.028 1.573 1.143 1.143 1.062 
Annual 0.984 1.098 1.338 1.049 1.093 1.114 
0') 
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Table 6. Mean monthly computed evaporation by using annual coefficient station 1 (Bangkok) 
Month Ev B-C Hargo Rohwer Penm. Patil P-1 
mm mm mm mm mm mm mm 
1 140.5 133.2 162.7 123.5 133.2 139.1 137.2 
2 138.2 126.2 148.8 117.3 138.2 138.5 139.5 
3 183.6 149.3 163.4 142.7 172.4 16906 165.1 
4 187.1 153.1 160.4 14808 183.0 176.4 171. 7 
5 174.2 160.3 145.3 111.6 159.6 149.8 149.0 
6 144.0 153.9 139.6 102.1 137.8 132.1 137.3 
7 138.6 156.9 127.2 91.6 124.2 118.0 126.5 
8 135.8 152.7 119.8 82.9 125.2 118.4 121.9 
9 123.4 142.5 100.0 69.4 112.1 105.9 105.6 
10 112.5 142.8 100.9 69.3 127.7 115.7 111. 1 
11 114.6 132.7 121. 7 83.7 125.4 119.5 113.2 
12 125.9 130.8 141. 8 104.9 121. 5 125.2 121. 8 
Sum 1718.4 1734.4 1631.6 1247.8 1660.3 1608.2 1599.9 
Error term 0.200 0.167 0.307 0.119 0.137 0.116 
0') 
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Table 7. Mean monthly computed evaporation by using annual coefficient station 2 (Suphanburi) 
Month Ev B-C Harg. Rohwer Penm.. Patil P-1 
mm. mm mm mm mm mm mm 
1 144.2 127.9 173.1 204.1 135.1 153.7 148.9 
2 131.5 125.6 158.7 209.1 144.0 155.4 155.9 
3 178.5 150.1 199.6 245.0 180.1 187.1 201. 2 
4 210.6 157.0 235.8 377.0 212.0 229.8 230.2 
5 198.7 164.4 206.0 267.4 186.6 189.5 205.4 
6 132.4 157.2 174.6 246.8 161. 2 164.8 178.5 
7 144.6 159.6 156.7 189.7 153.0 152.2 165.5 
8 146.3 156.1 148.7 192.1 151. 5 152.4 161.4 
9 114.9 146.4 105.9 114.8 128.9 121.2 130.3 
10 127.0 142.9 102.2 137.8 142.1 140.9 130.9 
11 121.3 130.3 119.1 153.4 135.5 143.7 127.8 
12 122.0 125.9 144.1 212.0 133.3 157.0 131. 4 
Sum 1772.0 1743.4 1924.5 2549.2 1863.3 1947.7 1967.4 
Error term 0.354 0.240 0.550 0.190 0.202 0.164 
~ 
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Table 8. Average values of climatic factors during the growing season for six year period (1959-1964) 
Month Station T H HI W Cc S D R 
CO % % Beaufort o to 8 % % mm 
July 1 28.20 82.20 68.50 1.40 7.10 37.90 9.00 474 
2 29.00 70.30 62.90 2.20 6.70 48.90 9.03 476 
August 1 28.10 83.30 68.40 1.40 7.20 39.30 8.80 472 
2 28.90 73.50 63.40 2.30 6.70 47.71 8.82 473 
September 1 27.70 84.60 72.90 1.30 7.20 37.80 8.27 442 
2 28.50 79.20 70.80 1.70 6.70 48.71 8.28 441 
October 1 27.60 84.70 72.40 1.10 6.30 53.70 8.28 426 
2 27.70 79.60 72.70 1.90 5.50 65.58 8.27 423 
November 1 27.30 81. 00 65.40 1. 00 5.20 70.00 7.79 374 
2 26.80 74.90 64.90 2.00 4.30 77.48 7.77 370 
m 
en 
Table 9. Adjusted monthly consumptive use coefficient, k ,for station 2 
m 
Month Ev Et B-C Harg. Penm. 
mm mm 
July 140.6 178.9 0.93 1.20 1.05 
August 140.3 216.7 1.10 1.27 1.35 
September 119.8 160.2 0.95 1.30 1.21 
October 118.7 172.0 0.99 1.50 1. 19 
November 117.5 170.9 1.12 1.47 1.27 
Total 636.9 898.7 
Average 1.02 1.35 1.21 
P-3 P-GR 
0,91 0.78 
0.99 0.98 
1.03 1.00 
1.01 0.98 
0.97 0.81 
0.98 0.91 
C 
0.82 
0.95 
1. 07 
1.15 
0.98 
0.99 
0') 
0') 
Table 10. 
Month 
July 
August 
September 
October 
November 
Sum 
Monthly actual and computed evapotranspiration of rice during the growing season) station 2 
Et B-C Harg. Penm. P-3 P-GR C 
mm mm mm mm mm mm mm 
178.9 179.6 178.9 178.8 178.8 180.0 184.2 
216.7 206.2 215.0 213.5 216.8 204.8 211. 4 
160~2 165.7 165.2 160.1 156.4 165.1 164.7 
172.0 172.1 170.7 171. 4 175.7 161.6 167.6 
170.9 170.2 170.6 170.9 168.8 170.6 169.1 
898.7 893.8 900.4 894.7 896.5 882.1 897.0 
m 
~ 
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When these same formulas and monthly consumptive use coefficients are 
applied to the climatic data for both stations 1 and 2 for the six year period 
1959-64, the results are as given in Table 11. There is a large difference in 
the computed evapotranspiration by the different formulas for station 1, but 
little difference for station 2. These differences reflect the differences in the 
climatic data as given in Table 8. \Vhere only temperature is considered, as 
in the Blaney .... Criddle formula, there is very little difference in the computed 
evapotranspiration at the two stations, but when all factors are considered, as 
in the Palayasoot 3 and Christiansen formulas, there is a large difference. 
Unfortunately since there are no evap~transpiration data available at 
'station 1 there is no way to determine which formula gives the most accurate 
estimate. 
The evapotranspiration computed from the Palayasoot-Grassi formula, 
based on pan evapotranspiration, is in between that computed from the Blaney-
Criddle and Hargreaves formulas and that computed from the Palayasoot 3 and 
Christiansen formulas, and only a little less than that computed by the Penman 
formula. This formula may possibly give the more accurate estimates for 
station 1 since it is based on pan evaporation measurements. 
Table II. Mean monthly computed evapotranspiration of rice for a. six year period (1959-1964) 
--~--= - -
-
~ 
-
~onth Station B-C Harg. Penm. P-3 P-GRa C 
mm mm mm mm mm mm 
July 1 170.6 156.0 138.0 127.1 137.1 114.0 
2 179.5 189.3 168.2 185.9 167.4 183.1 
August 1 203.0 178.1 178.5 138.5 163.1 122.4 
2 207.1 212.5 215.9 205.3 197.6 207.0 
September 1 163.5 151. 8 144.6 130.6 155.5 117.9 
2 '166.5 168.2 171.4 165.4 151.6 168.6 
October 1 170.3 173.9 159.8 123.1 143.9 127.5 
2 170.2 172.1 183.4 176.1 188.8 177.9 
November 1 179.7 171. 1 168.9 111. 6 150.5 125.3 
2 177.3 170.2 182.0 169.3 176.5 169.6 
Total 1 892.6 830.9 789.8 630.9 750.1 607.1 
2 900.6 912.3 920.9 902.7 881. 9 906.2 
~ ... 
aComputed from four year perIod at station 1 and three year r:eriod at station 2 O':l 
c:.o 
SUMMARY AND CONCLUSIONS 
Monthly coefficients for pan evaporation of five existing formulas, 
Blaney-Criddle, Hargreaves, Penman, Patil and Rohwer's formula and one 
new formula, Palayasoot 1 were computed as given in Table 1-
Consu~ptive use coefficients were computed for six formulas based on 
one year records of measured evapotranspiration at station 2. 
New formulas for estimating pan evaporation, Palayasoot 1, Equation 68 
and Palayasoot 2, Equation 69 were developed and three formulas for estimating 
evapotranspiration, Palayasoot 3, Equation 74, Palayasoot-Grassi, Equation 76 
and Christiansen's formula, Equation 83 were developed for the Central Plain of 
Thailand. 
Pan evaporation were computed and compared with the actual evaporation 
at station 1 and 2. 
Evapotranspiration for rice during the growing season 1964 at station 2 
was computed and compared with the actual evapotranspiration. The evapotran-
spiration for six year period at station 1 and 2 were computed as given in Table 11. 
All of the existing formulas for estimating pan evaporation using monthly 
coefficients fitted the data quite well, except Rohwer's. 
For estimating evapotranspiration for rice all of the formulas gave 
little difference for station 2, but Palayasoot-Grassi formula, based on pan 
evaporation may possibly give the more accurate estimation for station 1. 
71 
Further study with more data covering a longer period of time from 
several stations in the Central Plain of Thailand would undoubtedly improve the 
formulas developed. 
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Figure 7 0 Monthly coefficients for pan evaporation by Penman formula. 
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Table 12. Total amount of solar radiation, R, received at the top of the atmosphere, corrected to 
equivalent depth of evaporation at 200 C in millimeters 
Latitude 
Month 40S 30S 0 ION 20N 30N 40N 50N 60N 
Jan. 539 538 454 401 339 268 192 116 45 
Feb. a 432 450 427 395 351 297 236 169 100 
Mar. 379 422 474 462 437 399 348 287 218 
Apr. 267 327 444 459 460 447 421 384 337 
May 198 268 435 469 491 500 496 481 458 
June 156 227 406 448 478 498 505 503 496 
July 177 248 424 464 491 506 508 500 486 
Aug. 239 304 445 468 478 475 458 429 391 
Sept. 322 371 449 447 434 407 368 317 257 
Oct. 434 463 467 441 401 350 289 220 146 
Nov. 499 504 441 395 339 274 204 130 58 
Dec. 556 547 450 390 319 245 169 98 29 
Total 4198 4669 5280 5239 5018 4666 4194 3634 3021 
aFeb. computed for average of 28.25 days. 
Computed from table by Napier Shaw, Manual of Meoteorology~ Vol. IT, Comparative Meteorology~ 
Cambridge University Press, England. 2nd Ed., 1942, p. 4. 
Heat of vaporation of water at 200 C = 584. 9 cal. per gram. 
R mm = Rcal/cm2 X 1. 7097 X 10-2 
00 
~ 
List of symbols used for Table 13 
Symbol 
ST 
MO 
YR 
T 
N 
H 
H1 
Explanation and units 
Station 
Month 
Year 
Mean temperature, °c 
Number of days in month, 
Mean daily relative humidity, per cent 
Mean daily relative humidity at noon, for station 1 and at 1:00 
P. M. for station 2, per cent 
87 
W Wind, Beaufort, at 23 meters and 15 meters above the ground for 
station 1 and 2, respectively 
Cc Cloud cover, scale from 0 to 8 
S Sunshine, per cent of possible 
P Precipitation, millimeters 
D Daylight hours, per cent 
R Theoretical radiation of outer surface of atmosphere? equivalent 
evaporation, millimeter 
Ev Actual CI3;sS A pan evaporation, millimeters 
Evc Computed evaporation, millimeters 
RA Ratio of Evc/Ev 
Table 13. Climatic factors, Eve and RA by Palayasoot 1 formula 
ST MO YR T N H 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
59 25. 9 31 73. 9 
59 28.6 28 78.6 
59 28. 7 31 76. 3 
59 30. 7 30 76. 8 
59 29. 7 31 80. 8 
59 29. 7 30 77. 5 
59 27.9 31 84.9 
59 28.3 31 86.0 
59 27. 9 30 84. 3 
59 27.6 31 84.4 
59 27. 5 30 82.2 
59 27. 8 31 75. 9 
60 26. 7 31 72. 3 
60 27.9 29 70.1 
60 30. 0 31 73. 9 
60 31. 6 30 71. 9 
60 30.4 31 77. 0 
60 29.4 30 77.0 
60 28. 8 31 80.4 
60 28. 6 31 80. 8 
60 28. 0 30 82. 3 
60 27.6 31 85. 8 
60 27. 6 30 83. 0 
60 25.6 31 75.4 
HI w Cc 
55.8 1.4 2.5 
61.2 2.5 2.9 
57.4 2.0 4.2 
59.7 2.3 5.3 
68.0 1.9 6.1 
63.3 1.7 6.1 
70.4 1.4 7.3 
65.6 1.8 7.0 
73.3 2.0 7.2 
70.9 1.4 6.1 
66.9 1.2 4.4 
58.9 1.3 4.1 
53.9 1.4 3.7 
50.8 1.7 4.0 
54.4 2.5 3.7 
52.2 2.4 5.4 
62.2 1.8 6.5 
61.0 1.9 6.7 
66.1 1.6 6.9 
66.3 1.8 7.3 
73.1 1.3 7.0 
73.4 1.6 6.0 
69.3 1.1 6.0 
59. 8 1. 1 3.8 
S P 
85.5 000 
85.3 039 
64.5 021 
72.6 061 
57.1 219 
53.5 139 
34.2 240 
39. 7 103 
34.2 210 
50.7 225 
76.5 021 
79.5 000 
82.6 000 
79.4 000 
79.4 034 
71. 9 002 
50.2 112 
47.2 079 
43.2 127 
37.0 244 
42.9 500 
55.6 443 
65.5 094 
82. 7 010 
D R 
7.99 378 
7.39 379 
8.44 453 
8.42 459 
8.94 477 
8.75 459 
9.00 474 
8.80 472 
8.27 442 
8.28 426 
7.79 374 
7.94 364 
7.99 378 
7.39 379 
8.44 453 
8.42 459 
8.94 477 
8.75 459 
9.00 474 
8.80 472 
8.27 442 
8.28 426 
7.79 374 
7.94 364 
Ev Eve. 
131.2 
126.9 
156.5 
178.0 
156.2 
152.2 
113.7 
114.5 
110.1 
108.3 
109.4 
126.8 
137.6 
141.6 
180.2 
199.7 
169.7 
148.6 
137.3 
132.5 
120.9 
105.6 
103.4 
119.2 
RA 
00 
00 
Table 13. Continued 
ST MO 
1 1 
1 2 
1 3 
1 4 
1 5 
1 6 
1 7 
1 8 
1 9 
1 10 
1 11 
1 12 
1 1 
1 2 
1 3 
1 4 
1 5 
1 6 
1 7 
1 
1 
1 
1 
1 
8 
9 
10 
11 
12 
YR T N H 
61 25. 3 31 69. 8 
61 27.5 28 81.4 
61 28. 8 31 79.3 
61 30.2 30 77.0 
61 28.9 31 82.2 
61 28. 2 30 80. 9 
61 27.9 31 82.8 
61 27. 9 31 84.6 
61 27.7 30 82.5 
61 27. 5 31 84. 9 
61 27.8 30 80.5 
61 26. 8 31 76. 0 
62 25. 3 31 69.2 
62 26. 4 28 70. 5 
62 28. 9 31 76. 3 
62 30. 2 30 76. 0 
62 29. 8 31 79.2 
62 28. 6 30 80. 3 
62 28.4 31 80. 8 
62 28. 0 31 83. 1 
62 27.3 30 86.4 
62 27.6 31 83.4 
62 27.2 30 79.9 
62 24. 8 31 72. 5 
HI W 
53.9 1.5 
67.8 1.1 
63.4 1. 1 
61.2 1.7 
69.3 1.5 
67.1 1.3 
68.8 1.4 
70.2 1.1 
68.0 1.5 
70.4 1. 0 
63.9 1.0 
58. 1 1. 1 
52. 7 1.4 
52.1 1. 2 
58.9 1. 4 
60.9 1. 7 
62.5 1.3 
64.8 1. 4 
67.6 1. 5 
69.7 1. 3 
76.0 1. 3 
73.7 1.0 
62.6 0.9 
54. 1 1. 0 
Cc 
3.7 
4.7 
4.7 
5.0 
7.0 
7.1 
7.2 
7.2 
7.1 
6.1 
4.2 
4.3 
4.8 
3.3 
4.3 
4.7 
6.2 
6.8 
7.2 
7.1 
7.3 
6.2 
4.5 
4.3 
s p 
82.6 039 
65.4 088 
72.4 060 
72.0 088 
45.8 194 
43.2 209 
33.3 119 
38. 7 181 
39. 1 220 
58. 7 219 
76.7 031 
75.5 002 
80.2 000 
81. 9 020 
71. 5 044 
72.2 037 
59.2 179 
47.2 118 
38.3 126 
45.6 224 
38.9 464 
58. 1 165 
79.3 002 
82. 1 000 
D R 
7.99 378 
7.39 379 
8.44 453 
8.42 459 
8.94 477 
8. 75 459 
9.00 474 
8.80 472 
8.27 442 
8.28 426 
7.79 374 
7.94 364 
7.99 378 
7.39 379 
8.44 453 
8.42 459 
8.94 477 
8. 75 459 
9.00 474 
8.80 472 
8.27 442 
8.28 426 
7. 79 374 
7.94 364 
Ev Eve· RA 
135.5 
106.6 
151.5 
188.2 174.0 .924 
142.4 140.6 .987 
133.4 128.6 .964 
133.9 120.3 .898 
123.4 117.4 .951 
124.0 117.2 .945 
118.5 109.6 .925 
121.0 115.5 .955 
132.3 120.3 .909 
148.4 135.6 .914 
142.5 134.4 .943 
193.3 161.5 .835 
184.2 177.7 .965 
186.9 164.1 .878 
144.5 134.4 .930 
152.6 131.5 .862 
133.9 126.4 .944 
134.4 102.8 .765 
112.8 114.6 1.016 
121.2 115.7 .955 
127.9 121.3 .948 
00 
CD 
Table 13. Continued 
ST MO YR T N H 
1 1 63 24. 7 31 69.5 
1 2 63 27. 1 28 75.2 
1 3 63 28.5 31 76.4 
1 4 63 29. 7 30 76. 7 
1 5 63 30. 5 31 77.6 
1 6 63 28. 8 30 80. 3 
1 7 63 28. 0 31 82. 3 
1 8 63 27. 9 31 83. 9 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
9 
10 
11 
12 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
63 27. 8 30 85.5 
63 27. 5 31 85. 8 
63 27. 8 30 83. 8 
63 25. 9 31 75. 6 
64 28. 1 31 73. 8 
64 28. 2 29 70. 9 
64 29. 1 31 72.4 
64 30. 5 30 74.4 
64 28. 7 31 83. 5 
64 28. 8 30 78. 6 
64 28. 3 31 82. 2 
64 27.9 31 81.4 
64 27. 7 30 86.5 
64 28. 1 31 84. 0 
64 25. 7 30 76.4 
64 25. 0 31 72. 3 
HI W 
48.1 1. 1 
56.4 1.2 
60. 7 1. 9 
62.9 2.0 
62.6 1. 8 
66.5 1. 4 
69.0 1. 4 
71. 3 1. 3 
73.5 1. 3 
75. 1 0.8 
68.4 O. 7 
58.2 0.9 
52.6 O. 7 
53. 1 1. 0 
54.8 1. 5 
57.4 1.6 
68. 3 1. 1 
62.5 1. 3 
69.3 0.9 
67.2 1.3 
73.3 0.7 
70.9 0.8 
61.1 1.1 
55.5 1. 0 
Cc: 
3.9 
4.4 
4.4 
4.8 
5.3 
6.9 
7.3 
7.2 
7.2 
6.6 
6.2 
4.2 
4.0 
5.3 
5.1 
5.7 
7.3 
6.9 
7.0 
7.4 
7.4 
7.0 
5.9 
3.6 
S p 
85. 8 000 
78.4 010 
72.8 041 
74.3 056 
74.5 084 
52.3 122 
34.0 132 
39.2 318 
38.5 386 
52.0 333 
64.6 056 
76.5 002 
79. 7 005 
75.0 107 
76.1 015 
74. 7 045 
46.7 554 
56.9 100 
44.6 280 
35. 5 242 
33.0 403 
47.4 100 
57.6 010 
77.7 000 
D R 
7.99 378 
7.39 379 
8.44 453 
8.42 459 
8.94 477 
8.75 459 
9.00 474 
8.80 472 
8.27 442 
8.28 426 
7.79 374 
7.94 364 
7.99 378 
7.39 379 
8.44 453 
8.42 459 
8.94 477 
8. 75 459 
9.00 474 
8.80 472 
8.27 442 
8.28 426 
7.79 374 
7.94 364 
Ev Eve": RA 
138.6 134.3 .969 
133.2 126.0 .946 
182.1 159.7 .877 
194.0 173.6 .895 
202.6 183.7 .907 
152.8 138.0 .903 
134.5 122.7 .912 
141.9 120.1 .846 
134.7 107.6 .799 
106.1 103.9 .979 
104.4 101.6 .973 
115.6 117.6 1.017 
134.5 139.9 1.040 
138.9 139.4 1.003 
175.4 177.3 1.011 
182.0 186.5 1.025 
164.8 135.2 .820 
145.5 146.0 1.003 
133.6 129.6 .970 
143.9 126.6 .880 
100.7 101.5 1.008 
112.5 110.2 .980 
111.9 10902 .976 
127.7 120.8 .946 c:.o 
o 
Table 13. Continued 
ST MO 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
YR T N H 
59 25. 2 31 64. 6 
59 29.2 28. 62. 7 
59 29. 1 31 61. 9 
59 31. 9 30 60. 2 
59 30.4 31 70.5 
59 30. 5 30 66. 9 
59 28. 9 31 74.5 
59 28. 8 31 72. 7 
59 28. 1 30 80.4 
59 27. 5 31 79. 2 
59 27. 1 30 75. 5 
59 26. 9 31 70. 3 
60 26. 0 31 62.5 
60 27.3 29 57. 8 
60 30. 7 31 57. 8 
60 32. 6 30 55. 1 
60 31. 0 31 65.4 
60 29. 6 30 69. 3 
60 29.4 31 73.6 
60 29. 7 31 70. 9 
60 28.4 30 79. 3 
60 27.6 31 82.3 
60 27. 1 30 78. 6 
60 24. 5 31 69.4 
HI w 
48.2 1. 6 
44.6 1. 8 
46.3 1. 7 
46.4 2.1 
58.8 1.8 
56.9 1. 8 
63.9 2. 1 
62.9 2.0 
69.6 1.6 
72.2 1. 3 
66.4 1.4 
59.0 1. 3 
48.5 1.1 
44.3 1. 4 
41.0 1.6 
41. 5 2.2 
51. 9 2.1 
59.0 2.5 
63.9 2. 0 
60.4 2.6 
71. 3 1. 8 
76. 7 2. 1 
67.8 2.2 
55.4 1. 8 
Ce 
3.5 
4.0 
4.2 
4.4 
5.4 
5.6 
6.9 
6.6 
6.4 
4.6 
3.5 
3.4 
3.1 
3.3 
3.2 
4.4 
5.7 
6.2 
6.1 
6.8 
6.1 
5.3 
5.3 
3.2 
S p D R 
83.3 000 7.96 373 
80.5 010 7.37 375 
79. 1 063 8.43 451 
77.6 040 8.43 460 
67.5 231 8.96 479 
65. 0 081 8. 78 462 
44.8 135 9.03 476 
50. 1 106 8. 82 473 
53.4 447 8.28 441 
75.9 162 8.27 423 
83. 3 053 7. 77 370 
83. 7 002 7. 90 358 
84.7 000' 7.96 373 
84.1 000 7.37 375 
84.4 041 8.43 451 
77.6 024 8.43 460 
63. 7 191 8.96 479 
56. 5 121 8. 78 462 
58.0 136 9.03 476 
46.6 052 
58.0 351 
68. 7 346 
68. 7 086 
84.4 000 
8.82 473 
8.28 441 
8.27 423 
7.77 370 
7.90 358 
Ev Eve 
142.8 
161.3 
204.2 
237.6 
203.6 
195.4 
157.6 
165.9 
132.2 
134.3 
126.9 
134.7 
151.1 
159.4 
227.2 
252.4 
219.2 
178.0 
171.2 
173.8 
139.5 
121.8 
113.2 
124.6 
RA 
to 
.... 
Table 13. Continued 
ST MO 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
YR T N H 
61 24. 9 31 62. 8 
61 28. 3 28 68.0 
61 30.1 31 61.5 
61 31. 4 30 63. 1 
61 29. 7 31 75. 3 
61 29.1 30 73.9 
61 28.5 31 74.4 
61 28.4 31 76.6 
61 28. 2 30 75. 9 
61 27. 8 31 79. 8 
61 27.3 30 73.8 
61 25.9 31 67.9 
62 24. 6 31 61. 0 
62 26.4 28 57. 7 
62 29. 6 31 61. 0 
62· 32. 0 30 62.4 
62 31. 1 31 68. 0 
62 30. 3 30 63. 9 
62 29.4 31 70.6 
62 29. 0 31 73. 2 
62 30. 0 30 80. 5 
62 27.8 31 75.5 
62 26. 8 30 71. 5 
62 24. 0 31 62. 6 
HI w 
47.4 2.0 
56.1 1. 9 
46. 8 2. 1 
48.5 2. 0 
64.5 1. 9 
64.2 2.2 
64.2 2.5 
66.6 2.5 
66.8 2. 1 
70. 7 1. 7 
63.7 2. 1 
54.4 1.9 
47.2 2.3 
44.1 2.0 
47.0 1. 8 
47.2 2. 0 
59. 8 2.2 
51.8 2.3 
60.7 2.5 
63.5 2.1 
73.4 1. 5 
68.5 2.3 
61. 6 2.3 
50. 8 2.5 
Ce 
3.4 
5.5 
4.5 
4.6 
6.6 
6.6 
7.1 
6.8 
6.7 
5.3 
3.8 
3.5 
4.4 
3.1 
5.0 
4.7 
5.9 
6.7 
7.0 
6.4 
6.8 
5.4 
4.0 
2.7 
s p 
83. 7 033 
66.3 001 
76. 8 025 
75.9 171 
50. 1 324 
50.1 092 
41. 1 195 
46.6 201 
48.4 151 
68. 7 239 
81. 7 005 
83.3 003 
77.6 000 
84.7 003 
72.0 066 
75.0 023 
60.9 063 
48.4 040 
43.0 085 
53.4 154 
46.6 388 
67.5 235 
80.5 000 
85.6 000 
D R 
7.96 373 
7.37 375 
8.43 451 
8.43 460 
8.96 479 
8.78 462 
9.03 476 
8.82 473 
8.28 441 
8.27 423 
7.77 370 
7.90 358 
7.96 373 
7.37 375 
8.43 451 
8.43 460 
8.96 479 
8. 78 462 
9.03 476 
8.82 473 
8.28 441 
8.27 423 
7.77 370 
7.90 358 
Ev Eve 
144.0 
139.8 
210.3 
226.2 
172.1 
158.8 
153.5 
150.3 
143.5 
130.5 
131. 2 
133.9 
141.1 
154.7 
204.4 
231. 4 
210.8 
189.0 
169.8 
RA 
166.5 167.8 1.008 
104.0 137.3 1.320 
158.1 142.4 .901 
128.2 133.3 1.040 
122.3 133.0 1. 087 c.o 
~ 
.-, 
Table 13. Continued 
ST MO 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
YR T N H 
63 22.4 31 55.5 
63 26.6 28 65. 0 
63 29. 1 31 64.5 
63 31. 3 30 54.6 
63 32. 2 31 54. 7 
63 29.2 30 68.2 
63 28.6 31 71. 2 
63 28. 9 31 75. 1 
63 28. 1 30 80. 0 
63 27. 3 31 80. 9 
63 27.4 30 77.1 
63 24. 8 31 66.9 
64 26. 8 31 61. 5 
64 27. 7 29 60. 3 
64 29. 2 31 59.4 
64 31. 3 30 61. 6 
64 29. 0 31 76. 3 
64 29. 6 30 67. 4 
64 29. 0 31 73. 8 
64 28. 7 31 72.4 
64 28. 3 30 79. 1 
64 28. 2 31 80. 2 
64 25. 0 30 72. 7 
64 23. 8 31 66. 9 
HI w 
44.9 2.3 
53.6 2.0 
53.8 1. 8 
40.3 2. 7 
40.8 2. 1 
57.4 2.1 
59. 8 2.3 
64.5 2. 1 
72.4 1.6 
74. 8 1. 9 
67.3 2.0 
54.2 2.8 
44.8 1. 3 
47.6 2.0 
44.9 1. 8 
48.2 2.6 
66. 8 1. 9 
58.2 2. 8 
65.0 1.9 
62. 7 2.6 
7L 1 1. 6 
73.4 2.1 
62.3 2. 1 
54.0 2. 7 
Ce 
2.5 
4.5 
5.4 
4.3 
4.5 
6.8 
7.1 
6.9 
7.0 
6.1 
4.7 
3.4 
2.1 
4.0 
2.9 
3.8 
6.3 
6.1 
6.2 
6.9 
7.0 
6.3 
4.6 
2.7 
S p 
85. 8 000 
76.8 040 
67.5 001 
78.4 024 
76. 8 085 
46.6 137 
41. 1 056 
44.8 096 
43. () 279 
58.0 242 
75.0 017 
83. 7 003 
85.6 006 
80.5 005 
85.2 074 
81. 7 075 
55.0 335 
58.0 056 
56.5 176 
44.8 086 
43.0 267 
55. 0 136 
75.9 000 
85.6 000 
D R 
7.96 373 
7.37 375 
8.43 451 
8.43 460 
8.96 479 
8.78 462 
9.03 476 
8.82 473 
8.28 441 
8.27 423 
7. 77 370 
7.90 358 
7.96 373 
7.37 375 
8.43 451 
8.43 460 
8.96 479 
8.78 462 
9.03 476 
8.82 473 
8.28 441 
8.27 423 
7.77 370 
7.90 358 
Ev Eve RA 
147.4 138.6 .940 
124.4 141.6 1.138 
174.7 190.8 1.092 
219.0 243.7 1.118 
234.8 262.0 1.116 
112.9 171.8 1.522 
142.3 162.5 1.142 
131.5 156.4 1.189 
127.9 128.3 1.003 
116.5 120.1 1.031 
112.4 120.9 1.076 
127.0 130.0 1.024 
141.1 158.0 1.120 
138.7 156.6 1.129 
182.3 214.0 1.174 
203.2 233.5 1.149 
162.7 167.9 1.032 
151.9 183.7 1.209 
146.9 167.3 1.139 
140.8 162.9 1.157 
112.7 131.9 1.170 
106.5 1?4.8 1.172 
123.3 120.0 .973 
116.6 125.6 1.077 
CD 
~ 
